INTRODUCTION
PagP is an integral membrane enzyme that transfers a palmitoyl group from the sn-1 position of a glycerophospholipid to the lipid A (endotoxin) moiety of lipopolysaccharide (LPS) resulting in the production of a palmitoylated lipid A and a lysophospholipid by-product. The donor phospholipid, LPS acceptor, and enzyme active site are all located in the external-facing leaflet of the Gram-negative outer membrane (Figure 1 ) (Bishop et al., 2000; Jia et al., 2004; Khan and Bishop, 2009; Smith et al., 2008) . The enzyme provides bacterial resistance to host immune defenses involving cationic antimicrobial peptides (Guo et al., 1998) , attenuates the host inflammatory response to infection triggered by the TLR4/MD2 pathway (Kawasaki et al., 2004; Muroi et al., 2002; Tanamoto and Azumi, 2000) , and is a virulence determinant to infection by certain pathogens (Pilione et al., 2004; Preston et al., 2003; Robey et al., 2001) . The protein belongs to the PhoP/PhoQ-regulon, which controls the expression of bacterial genes needed for covalent lipid A modifications induced during infection by antimicrobial peptides (Bader et al., 2005) . PagP is a potential target for the development of antiinfective agents and a tool for the synthesis of lipid A-based vaccine adjuvants and endotoxin antagonists (Bishop, 2005; Raetz et al., 2007) .
As an enzyme of lipid metabolism, PagP is remarkable in its ability to select a 16-carbon saturated palmitate chain to the exclusion of all other acyl chain types present within the membrane pool of glycerophospholipids (Bishop et al., 2000) . The enzyme is an eight-stranded b barrel (Hwang et al., 2002) whose catalytic mechanism likely involves cycling between two dynamically distinct states , although the details of the reaction remain unknown. The crystal structure of PagP determined in the presence of the nondenaturing detergent lauryldimethylamine oxide (LDAO) revealed a detergent molecule bound in the interior of the barrel with the head group pointing toward the extracellular side of PagP. This detergent molecule marks the position of the hydrocarbon ruler, which selects acyl chains in the glycerophospholipid substrate with methylene unit resolution Khan et al., 2007 Khan et al., , 2010 . A recent simulation study of PagP has examined the solvation, but not the binding, of the enzyme by detergent and lipid molecules (Cox and Sansom, 2009) .
We have recently reported that certain water miscible amphipathic alcohols, notably 2-methyl-2,4-pentanediol (MPD) can modulate the protein-binding properties of SDS so that the detergent behaves essentially as a ''gentle'' nondenaturing detergent (Michaux et al., 2008a; Privé , 2007) . Under typical conditions, SDS is a strongly denaturing anionic detergent that is widely used in biochemical applications to solubilize proteins in a denatured state (Helenius and Simons, 1975) . It is effective at millimolar concentrations and induces a nonnative structure with a high proportion of a helix, although its mechanism of action is not well understood (Guo et al., 1990; Manning and Colon, 2004; Mattice et al., 1976; Nielsen et al., 2007; Otzen, 2002; Otzen and Oliveberg, 2002; Reynolds and Tanford, 1970; Samso et al., 1995; Smith, 1994) . MPD is best known as a protein precipitant in crystallization experiments (Anand et al., 2002) . Concentrations of 1-2 M MPD protected both soluble and integral membrane proteins from SDS denaturation, and several proteins, including PagP, could be induced to fold from the SDS denatured state upon addition of MPD (Michaux et al., 2008a) . PagP in SDS/MPD could be reversibly denatured and refolded upon heating and cooling cycles, confirming that the folded protein is at thermodynamic equilibrium in this detergent/cosolvent system.
Here, we report the 1.4 Å crystal structure of PagP crystallized directly from SDS/MPD. The barrel structure of PagP in SDS/MPD is similar to the previously determined crystal structure in LDAO and with the solution NMR structures in dodecylphosphocoline (DPC) and b-D-octyl-glucoside (OG) (Hwang et al., 2002) . However, we observed differences in the conformations of the four extracellular loops, indicating regions of flexibility in the protein that may be important for substrate binding and catalysis. Like a parapet that surrounds the turret of a medieval castle, the PagP b barrel contains indentations known as the crenel and embrasure, which provide gateways for lateral lipid access between the membrane external leaflet and the hydrocarbon ruler. Cysteine crosslinking between these regions of diminished b strand hydrogen bonding has previously identified the crenel between strands F and G as the palmitoyl chain access route, whereas the embrasure at the b-bulge between strands A and B serves as the egress route for the chain following the coupling to lipid A acceptor (Khan and Bishop, 2009) . We now use molecular dynamics simulations and mutagenesis to confirm a phospholipid access route via the F/G crenel coupled to a movement of extracellular loop L4. We identify Tyr147 in L4 as a potential gating residue controlling lateral access of phospholipids to the interior hydrocarbon ruler pocket of PagP.
RESULTS
Crystallization of PagP from SDS/MPD E. coli PagP was directed to inclusion bodies by overexpressing the protein without a signal sequence Hwang et al., 2002) . Washed inclusion bodies were dissolved in a buffer containing 1% SDS and 1 M MPD. The solution was heated to 100 C and the protein was refolded by slow cooling. Refolding was quantitative as judged by an SDS-PAGE assay (Michaux et al., 2008a) . Circular dichroism confirmed that the refolded protein was predominantly b sheet and exhibited a characteristic exciton couplet at 232 nm indicating the correct formation of the hydrocarbon ruler (see Figure S1 available online) (Khan et al., 2007 (Khan et al., , 2010 Michaux et al., 2008a) . No chromatographic steps were performed, and the only purification of the protein occurred during the initial preparation of the insoluble inclusion body material. The protein solution was concentrated to 5.8 mg/ml and contained 3.85% w/v SDS (135 mM) as measured by a methylene blue extraction assay (Arand et al., 1992) . The critical micelle concentration (cmc) of SDS in 1 M MPD and 10 mM Tris-HCl is approximately 0.6 mM as measured by isothermal titration calorimetry (J. Holyoake and G.G.P., unpublished data), and so the SDS concentration in the final crystallization stock solution was over 250-fold above its cmc.
The protein was crystallized by the traditional hanging drop method by mixing equal volume solutions of the protein stock and a salt-rich reservoir containing 1 M MPD, and allowing vapor-phase equilibration between the protein droplet and the much larger volume of the reservoir solution. Two phases formed in the protein droplet as equilibration proceeded. Crystals nucleated at the interface of the two phases and grew exclusively into one of the phases. The fluorescent lipid NBD-DPPC (Avanti Polar Lipids) was added to a hanging drop containing crystals and the lipid dye partitioned preferentially into the phase in which the PagP crystals grew, suggesting that the SDS concentration in the phase that supported crystal growth was further enriched in detergent relative to the initial protein stock solution ( Figure S2 ). Both the protein stock solution and the reservoir solution initially contained 1 M MPD, but because MPD is volatile, the MPD concentration in the phase containing the protein crystals is unknown. However, we located 10 MPD molecules in the final refined structure (see below), indicating a relatively high concentration of the cosolvent in the mother liquor surrounding the crystal. figure) , which yields a hepta-acylated molecule with attenuated endotoxic properties.
Structure Overview
Full anisotropic refinement was performed to a resolution of 1.4 Å ( Table 1) . The structure is an eight-stranded b barrel that spans the membrane region with a leading amphipathic N-terminal a helix that lies at the interface between the periplasm and the outer membrane inner leaflet. The eight strands of the barrel are named A to H and the four extracellular loops are referred to as L1 to L4 (Figure 2 ). The hydrocarbon ruler pocket in the barrel interior is occupied by a SDS molecule in a position similar to the LDAO molecule found in the crystal structure determined in that detergent . The high resolution of this structure allowed us to trace all of the amino acids in the N-terminal a helix (Huysmans et al., 2007) , which extends from Asn-1 to Trp-17. Loop L1 links strand A to strand B and is partly disordered, and amino acids 38-45 from this loop are not included in the final model. This loop was also not fully modeled in the LDAO crystal structure and is highly dynamic in the NMR structures (Hwang et al., 2002 , indicating that this region is intrinsically disordered, at least in the absence of a lipid bilayer.
The overall barrel structure of PagP in SDS/MPD resembles that of PagP in LDAO by X-ray crystallography and in DPC or OG micelles by NMR (Hwang et al., 2002) . Least-squares superposition of the Ca atoms from the b sheet residues in strands A-H of PagP results in an RMSD of 0.70 Å between the SDS/MPD and the LDAO structures (Figure 2A ).
The structures of the short periplasm-facing loops are also well conserved between the structures; however, deviations greater than 1.2 Å are seen in the four extracellular loop regions ( Figure 2B ). These extracellular loops are also the most dynamic regions of the protein as measured by NMR (Hwang et al., 2002 .
Lattice forces may influence some of the loop conformations, as surfaces on both the periplasmic and extracellular sides of the (Heaslet et al., 2007) .
PagP/SDS Interactions
The final model contains six SDS molecules with an average B factor of 47 Å 2 . In all cases the B factors are higher for the head group than for the aliphatic chain. Five of the SDS molecules are in contact with the exterior of the protein in the membrane-spanning region of PagP and are bound into crevices in the surface of the molecule ( Figure 3A ; Movie S1). The sulfate head groups do not make any consistent types of interactions with the protein and are consequently less ordered in the crystal. Thus, bound SDS molecules behave like other detergents in which binding to the protein is determined primarily by the aliphatic chain (Hunte and Richers, 2008; Qin et al., 2006) . The structure of PagP crystallized from LDAO contains five ordered detergent molecules, four of which are common with the SDS binding sites ( Figure 3A ). The detergent molecules seen in the SDS/MPD structure are thus bound in general detergent binding sites that likely correspond to lipid acyl chain binding sites in the natural outer membrane environment of PagP. No significant SDS-SDS contacts are observed in the crystal and any micellar structures that may be present in the crystal are not ordered. The remaining SDS molecule is found in the interior of PagP. The acyl chain binding pocket in the center of the b barrel is occupied by a detergent molecule in a similar fashion to that observed in LDAO ). This pocket is part of the hydrocarbon ruler of PagP that selects for palmitate chains in the sn-1 position of substrate phospholipids (Khan et al., 2007 (Khan et al., , 2010 . The nine terminal carbons of the SDS molecule are found to be tightly held and have the lowest atomic B factors for this molecule. The B factors for carbons nearer to the head group increase significantly and the electron density becomes tubular in contrast to the zigzagging pattern of the lower part of the tail. The SDS in the pocket overlaps very well with the LDAO molecule in the terminal eight carbons in the acyl chain, but the paths diverge nearer to the head group region. As a result, the anionic SDS head group is located in a different position than the zwitterionic head group of LDAO ( Figure 3B ). The head group of SDS is closer to loop L1 and farther from L2, relative to the position of the LDAO head group.
PagP/MPD Interactions
The final model includes ten MPD molecules ( Figure 3A ; Movie S1). Seven of these are in conformations in which the two hydroxyl groups form intramolecular hydrogen bonds, such that the MPD molecules display a hydrophilic face and a hydrophobic face (Anand et al., 2002) . Within the ordered molecules, there are no significant interactions between the MPD and SDS. A previous study also found no interactions between SDS and MPD in lysozyme crystals (Michaux et al., 2008b) , and the present study expands this result to crystals of membrane proteins in which SDS is the stabilizing detergent.
Seven of the ten MPD molecules are bound to the hydrophobic membrane-exposed surface of PagP or to residues marking the transition between the hydrophobic and hydrophilic surfaces. These seven molecules are also in contact with hydrophilic residues of symmetry-related proteins and thus play important roles in building the crystal lattice. Overall, the MPD molecules are found in two types of environments in the crystal: they either fill in small deep pockets in the protein's surface or are sandwiched between relatively flat surfaces of two symmetry equivalent molecules. Four of the MPD molecules stack directly with p electronic clouds of the Trp17, Tyr23, Trp89, and Trp117 aromatic side chains of PagP. MPD has been used in the crystallization of at least 20 other integral membrane proteins based on data contained in the membrane protein data bank (http://www. mpdb.tcd.ie) (Raman et al., 2006) . Ordered MPD molecules 
Catalytic Center
The conserved residues that are necessary for the catalytic activity of PagP include His33 in the extracellular loop L1 and Asp76 and Ser77 in L2 (Hwang et al., 2002) . In the SDS/MPD structure, His33 is 13.0 Å away from Asp76 and 14.8 Å away from Ser77 (distances between a carbons; the distance between Og of Ser77 and N32 of His33 is 8.5 Å ). These residues are closer than in the LDAO structure where the Ca distances are 16.4 and 17.0 Å respectively. This difference is mostly due to a rigid-body tilting of loop L2 toward L1, but the residues in the SDS/MPD structure are still too far apart to form a catalytic center. Thus, the formation of a competent active site likely involves additional rearrangements of the surface loops, possibly triggered by the binding of donor phospholipid and/or lipid A acceptor (Bishop, 2005; Raetz et al., 2007) .
Accessibility of the Hydrocarbon Ruler Pocket
The SDS crystal structure shows that extracellular loop L4 moves away from the barrel interior, resulting in a large gap (a crenel) (Khan and Bishop, 2009 ) between strands F and G ( Figure 4A ). This gap opens a path to the top part of the hydrocarbon ruler that was blocked by the side chain of Tyr147 in the LDAO structure . A smaller crenel is present between strands B and C ( Figure 4B) . As a result, we sought to further analyze possible access routes into and out of the barrel interior.
We analyzed the possible acyl chain entry and exit routes by performing nonequilibrium molecular dynamics simulations. We chose this approach in order to gain insight into the route(s) of acyl chain entry and exit that are most easily accommodated by the protein. This is an early step in the overall reaction, and the subsequent steps along the catalytic pathway likely involve larger scale motions of the protein backbone that are beyond PagP is shown in a surface representation with the b barrel and the periplasmic loops in white. Loop L1 is dark blue, L2 is yellow, L3 is cyan, and L4 is green. The SDS molecule buried within the hydrocarbon ruler pocket is shown as a space-filling model with black carbons, orange sulfur, and red oxygens. The SDS molecule is clearly visible through a crenel between strands F and G in (A) and through a crenel between strands B and C in (B). The F/G crenel is larger and deeper in the membrane than the B/C crenel.
the scope of these simulations. The strategy was to test a large number of short nonequilibrium simulations in order to generate an ensemble of trajectories, rather than to generate a smaller number of longer simulations that would provide limited statistical sampling. The 100 ps length of the simulations was sufficient to observe productive insertions and extractions, yet short enough to allow a large number of repeats for statistical significance. Overall, we generated 1205 insertion attempts and 302 extraction attempts.
PagP in the conformation from the SDS/MPD crystal was placed in an explicit phospholipid bilayer. No significant reorganization of the PagP backbone was observed during the simulations. Acyl-chain entry was assessed by applying a biasing force to the sn-1 chain of a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecule from the upper leaflet of the bilayer, directing it toward the empty PagP binding pocket. Of 1205 such simulations, 55 resulted in the sn-1 chain entering the binding pocket between strands F and G (the F/G route), five resulted in the sn-1 chain jumping out of the bilayer over the top of the protein near strands B to E, and in 1145 simulations the protein blocked the steered phospholipid from approaching the binding pocket more closely than other phospholipids in the first solvation shell ( Figure 5A ). Considering that the initial positions of the sn-1 acyl chain were distributed approximately uniformly around the barrel, roughly one-eighth of the 1205 binding simulations were directed at the F/G route. Thus, 55 of approximately 150 F/G attempts were successful, while none of the non-F/G route attempts were successful.
Next, acyl-chain exit was assessed by applying a biasing force to a dodecyl phosphate (DP) molecule placed in the binding pocket of PagP, compelling it to exit in the bilayer plane. Of 302 such simulations, 95 resulted in detergent extraction by the F/G route, 26 by the B/C route, and 181 extraction attempts ended with the detergent still inside the binding pocket ( Figure 5B ). The fact that the B/C route was identified as a viable route of acyl-chain extraction, but not insertion, is likely due in part to the tilt of PagP in the bilayer plane, which lowers the F and G strands into the hydrophobic region of the bilayer more than it lowers the B and C strands. This tilt is predicted by the hydrophobic surface potential and arrangement of aromatic belt residues and confirmed experimentally by measuring oxygen contacts by NMR (Evanics et al., 2006) . Analogous simulations starting from the LDAO crystal structure Structure Acyl Chain Access to the PagP Hydrocarbon Ruler produced results similar to the simulations from the SDS structure, with additional rare phospholipid chain entry between the A and B strands (data not shown).
Gating of the F/G Crenel
In order to investigate the putative F/G route in the LDAO structure, we conducted MD simulations of the LDAO crystal structure in an explicit POPC bilayer using a nonequilibrium variant of the weighted ensemble method of Huber and Kim (1996) . This evaluates the possibility of acyl-chain entry through the F/G route of the LDAO structure based on thermally driven conformational fluctuations and is conceptually similar to essential dynamics sampling (Amadei et al., 1996) . In brief, the system was iteratively simulated in 0.2 ps segments, accepting simulation segments in which the donor chain spontaneously moved closer to the binding pocket, and discarding them otherwise. During this simulation, 350 of 400,000 simulation segments successfully progressed toward a bound state, yielding a biased trajectory of 70 ps. These simulations showed a disruption of the hydrogen bond between the phenolic oxygen of Tyr147 in L4 (immediately following strand G) and the amide hydrogen of Leu125 in strand F. This was followed by a rotation of the Tyr147 side chain away from strand F, opening a hole in the F/G route through which the sn-1 chain of the donor POPC molecule entered the PagP binding pocket (Figure 6 ; Movie S2). The progress of the acyl chain toward the pocket was impeded until Tyr147 moved away from Leu125. During the simulations outlined in this work, we did not observe any significant changes in the backbone H-bonding pattern of the b strands, with the exception of the Y147-L125 pair. Nevertheless, we do not rule out the possibility that such rearrangements are relevant to equilibrium binding modes.
Finally, we used functional assays to test the role of Tyr147 as a putative gating residue. Mutants Y147A and Y147F had similar CD spectra and denaturation profiles to wild-type PagP ( Figures  7A and 7B ), indicating that these mutations did not cause significant structural perturbations of the enzyme. PagP phospholipid: lipid A palmitoyltransferase activity was monitored in vitro using a defined detergent micellar enzymatic assay with TLC separation of radioactive lipid products (Khan et al., 2007 (Khan et al., , 2010 . PagP selects the palmitate acyl chain from the phospholipid donor by a lateral lipid diffusion mechanism requiring access to the hydrocarbon ruler via the crenel located between b strands F and G (Khan and Bishop, 2009) . In vitro reaction rates were measured for acylation of Kdo 2 -lipid A and for the phospholipase activity. The latter assay was carried out in the absence of lipid A acceptor, in which case the rate is four to five times slower than the lipid A acylation reaction rate (Khan and Bishop, 2009 ). For both the acyltransferase and the phospholipase activities, the reaction rate is 2-to 3-fold faster for the Y147A and Y147F mutants relative to the wild-type ( Figures 7C and 7D) , suggesting a role for the phenolic hydroxyl group of tyrosine 147 in controlling phospholipid gating through the F/G crenel. Only PagP strands E, F, and G, including loops L3 and L4, are shown. The phenolic oxygen of Tyr147 on loop L4 makes a hydrogen bond to the backbone amide hydrogen of Leu125 and obstructs the F/G route in a MD-equilibrated structure based on the LDAO (dark blue), but not the SDS (yellow), crystal form. During nonequilibrium MD sampling based on the weightedsampling method (shown in green), Tyr147 rotates away from strand F, allowing the sn-1 chain of the donor POPC molecule to enter the binding pocket (not shown). The atoms of Leu125, shown only for the MD-equilibrated structure based on the LDAO crystal form, are colored red, dark blue, light blue, and white, for oxygen, nitrogen, carbon, and hydrogen, respectively. The hydrogen bond between the Tyr147 side chains and the main chain at Leu125 is shown as a broken black line. Residue Arg114 marks the position of loop L3. See also Movie S2.
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DISCUSSION
Crystallization from SDS/MPD In this article, we report the use of SDS/MPD as a detergent system for membrane protein crystallization. We have previously used the SDS/MPD system to refold lysozyme (a b strand soluble protein), carbonic anhydrase (an a-helical soluble protein) and PagP (a b strand integral membrane protein) from the SDS-denatured state, indicating that the SDS/MPD system displays properties of a relatively mild detergent of wide applicability (Michaux et al., 2008a) . In that study, we showed that MPD had little effect on the properties of LDAO and DM in the PagP refolding assay, and the unexpected observations were not simply due to the action of MPD on the protein. In fact, MPD is generally a mildly destabilizing osmolyte (Anand et al., 2002; Pittz and Timasheff, 1978) . SDS alone has strongly denaturing properties, but the addition of MPD alters the physicochemical properties of the detergent such that the SDS micelles no longer associate strongly with polypeptides (Michaux et al., 2008a) .
The mechanism of the cosolvent effect on the properties of SDS remains an area of speculation, although it is likely due to a partitioning of the cosolvent into the charged head group region of the SDS micelles thereby modifying the affinity of SDS micelles for the denatured states of the protein (Michaux et al., 2008a ). The present crystal structure does not provide any insight into the SDS/MPD effect, however, since the effect depends on micellar states of the detergent. All of the ordered detergent and cosolvent molecules observed in this crystal structure associate as individual molecules with the protein surfaces, and we do not see any significant SDS-SDS or SDS-MPD interactions.
Access Route to the PagP Interior
In the structure of PagP in SDS/MPD, loops L2 and L3 have moved closer to the barrel axis relative to the LDAO structure. The largest difference, however, is the movement of loop L4 away from the acyl chain binding pocket. This creates a significant gap between strands F and G, opening a route to the internal hydrocarbon binding site. Our MD simulations are consistent in showing that this is the most favored route for acyl chain entry from the membrane phase. The increased phospholipase activity of the Tyr147 mutants provides independent experimental support that the phospholipid chain enters the barrel via the F/G route. The reaction rates for the phospholipase activity and the acyl transferase activity are affected at the same ratios by the Y147A and Y147F mutations, further suggesting that acyl chain entry is the rate limiting step in both reactions.
Additional mutants have been experimentally tested and recently reported. Hydrogen bonding between b strands F and G is disrupted by the presence of wild-type proline residues 127 and 144 which flank the PagP crenel. Mutation of each to Cys enabled crosslinking with a bifunctional reagent, which prevented the palmitoyltransferase reaction from occurring without compromising PagP structure and stability as measured by CD (Khan and Bishop, 2009 ). PagP has also been utilized recently as a model system to study outer membrane protein folding and assembly (Huysmans et al., 2010) , and a role for weakened interstrand hydrogen bonding was suggested in identifying b barrel oligomerization interfaces (Naveed et al., 2009 ). Our results clearly indicate that in PagP these motifs fulfill an enzymatic role in lipid acyl chain selection.
Conclusion
A recent report on the FadL fatty acid transporter (Hearn et al., 2009) shows that hydrophobic compounds can exit this b barrel structure via a portal-type of opening in the side of the barrel wall. The structures of the FadL family of proteins are distinct from the PagP proteins, and the type of opening in the barrels is different. Nevertheless, in both cases, irregularities in the strand structures provide lateral access routes to and from the membrane hydrocarbon phase. This suggests that there are multiple ways in which b barrel membrane proteins can facilitate the passage of Structure Acyl Chain Access to the PagP Hydrocarbon Ruler hydrophobic compounds, notably acyl chains, between the bulk lipid phase and the protein interiors. The portal-type of mechanism appears to be best suited for hydrophobic ligands with small head group or no polar moieties, while the crenel-type of mechanism described here allows for lateral access of amphipathic ligands with large head groups, including bilayer-forming lipids.
EXPERIMENTAL PROCEDURES
Overexpression and Purification of PagP Inclusion Bodies E. coli PagPDHDS was cloned by the Quickchange procedure (Stratagene) from the plasmids described elsewhere (Hwang et al., 2002) and expressed into inclusion bodies. BL21(DE3) cells were transformed and cell cultures were grown in LB media at 20 C until the OD 600 reached 0.6. Expression was induced in by adding IPTG to a concentration of 0.2 mM and growth was allowed to proceed for 5 hr at 37 C. Expression of PagP is driven into inclusion bodies under these conditions. The total production of protein as inclusion bodies was approximately 1 g of PagP from 6 L of LB media in shaker flasks. The cells were lysed in an Emulsiflex cell disrupter (Avestin) and inclusion bodies were collected by centrifugation of the lysed cells. The inclusion bodies were washed three times with a buffer consisting of 2% Triton X-100 and 10 mM Tris-HCl (pH 8) followed by centrifugation at 40,000 g. The final white pellet was dissolved in 6M guanidine hydrochloride and 10 mM TrisHCl (pH 8) for storage. A 1 ml aliquot containing 13 mg of protein was precipitated by dilution into 25 ml of 10 mM Tris-HCl (pH 8). The precipitate was washed three times by centrifugation and resuspension in 25 ml of the same buffer. No further purification steps were carried on the sample that was used for crystallization.
Refolding
The white pellet from the washed inclusion bodies (13 mg) was dissolved in 20 ml of 1% SDS, 1M MPD, and 10 mM Tris-HCl (pH 8). The solution was heated for 2 min in a boiling water bath and allowed to cool down by letting the water bath slowly return to room temperature (approximately 2 hr). Refolding proceeded virtually to completion as judged by a gel shift assay (Michaux et al., 2008a) and the presence of a positive exciton band in the CD spectra at 232 nm (Khan et al., 2007) . The PagP solution was concentrated in a 10 KDa MWCO spin filter (Amicon) resulting in 1.5 ml of a solution with 5.8 mg/ml of PagP. This solution was used directly for crystallization. The protein remained folded for months under these conditions as judged by the SDS-PAGE shift assay. The SDS concentration in this stock solution was 3.8% w/v by a SDS assay (Arand et al., 1992) .
Crystallization
Crystals were grown by the hanging drop method. The reservoir solution consisted of 500 ml of 1M MPD, 0.1 M Na 3 Citrate buffer (pH 5.6), 1.7 M Li 2 SO 4 , and 0.3M (NH 4 ) 2 SO 4 . This mixture separates spontaneously into two phases: a hanging drop was prepared by mixing 1 ml of the lower phase (rich in salt) with 1.5 ml of the PagP stock. The hanging drop was a homogeneous mixture at first but upon equilibration with the reservoir it also separated into two phases. Crystals were obtained only in one of the two phases in the hanging drop. Crystals were allowed to grow at 20 C for 3 months and then transferred to a temperature of 4 C for 4 days. A crystal of dimensions 0.4 3 0.2 3 0.2 mm was frozen directly in its mother liquor by plunging into liquid nitrogen.
Crystallographic Data Collection
Crystallographic data were collected at the Advanced Photon Source (APS) Argonne, Illinois at beamline 19ID (l = 0.9800 Å ) on an ADSC Q315 315 3 315 mm mosaic CCD detector at a temperature of 100 K. The data were integrated and scaled with the HKL3000 package (Minor et al., 2006) . The diffraction was somewhat anisotropic, and extended to a resolution of approximately 1.55 Å along the a,b directions, but strong diffraction was obtained to well beyond 
Structure Solution and Refinement
The structure was solved by molecular replacement using EPMR (Kissinger et al., 1999) with the structure of PagP in LDAO, PDB accession code 1THQ . The structure was refined and extended using alternate cycles of manual building in Coot (Emsley and Cowtan, 2004) and refinement in Refmac5 (Murshudov et al., 1997) using the CCP4i graphical interface (Potterton et al., 2003) with implicit riding hydrogens. The stereochemical quality of the final models was assessed with MolProbity (Davis et al., 2007) and Procheck (Laskowski et al., 1993) . Restraints for the MPD molecules were modified from the standard Refmac 5 dictionary by removing the torsion and chiral restraints. Restraints for the SDS molecules were adapted from Coiro and Mazza (1991) . Least-squares superpositions between the different models were made with the program LSQKab (Kabsch, 1976) . Only the a carbons of the residues that are in b strands in the SDS/MPD structure as indicated by Procheck were used for the superpositions (88 atoms in total). The final model had the following Ramachandran statistics for the nonglycine and nonproline residues (Laskowski et al., 1993) : 88.1% in the favored regions and 9.5% in the allowed regions.
Cloning, Expression, and Refolding PagP Mutants
Wild-type PagP, and the Y147A and Y147F mutants were constructed in the pETCrcAHDS vector, with a C-terminal His 6 tag and no signal peptide (Hwang et al., 2002) using the QuikChange protocol (Stratagene) and purified as described previously (Khan et al., 2007) . The proteins were verified by electrospray ionization mass spectrometry. Precipitated protein samples were dissolved in a solution of 50:50 1% formic acid/acetonitrile just prior to ESI-MS. The sample concentration was maintained at 1 ng/ml and was injected directly onto a Waters/Micromass Q-Tof Ultima Global (a quadrupole time-of-flight) mass spectrometer. The spectra were reconstructed using for PagPY147A and PagPY147F. The extinction coefficients were determined experimentally using the Edelhoch method (Edelhoch, 1967) .
In Vitro Enzymatic Assays
Kdo 2 -lipid A and synthetic dipalmitoylphosphatidylcholine (DPPC) were obtained from Avanti Polar Lipids. A detailed description of the preparation of 32 P-labeled Kdo 2 -lipid A, and thin layer chromatography (TLC)-based assays for lipid A palmitoyltransferase activity were previously described (Khan et al., 2007) . Phospholipase assays were carried out in a volume of 25 ml, with sufficient dipalmitoyl-1-14 C-DPPC to achieve a final concentration of 20 mM (4000 cpm/ml). The lipid was dried under a stream of N 2 (g) and was dissolved in 22.5 ml reaction buffer containing 0.1M Tris-HCl (pH 8), 10 mM EDTA, and 0.25% dodecylmaltoside. The reactions were started by adding 2.5 ml of PagP and were conducted at 30 C. Reactions were stopped by adding 12.5 ml of the reaction mixture to 22.5 ml of a 1:1 CHCl 3 /MeOH. This generated a 2-phase solution, from which 5 ml of the lower phase was spotted on a silica gel 60 plate. The experiment was carried out over 5 hr, with the reaction being spotted once every hour. TLC plates were developed in a CHCl 3 :MeOH:H 2 O (65:25:4; v/v) solvent system, which was equilibrated in sealed glass tank for 4 hr. The plates were exposed overnight to a PhosphorImager screen and developed the following day with a Molecular Dynamics Typhoon 9200 PhosphorImager.
Circular Dichroism Spectroscopy
Samples to be analyzed by CD were maintained at a concentration of 0.3 mg/ml in 10 mM Tris-HCl (pH 8.0), 0.1% LDAO and were analyzed using a cuvette of 1 mm path length. The samples were analyzed using a Aviv 215 spectropolarimeter which was linked to a Peltier device Merlin Series M25
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Acyl Chain Access to the PagP Hydrocarbon Ruler for temperature control. For each sample, three accumulations were averaged at a data pitch of 1 nm and a scanning speed of 10 nm/min. The temperature was maintained at 25 C and data were obtained from 200 to 260 nm. Thermal denaturation profiles were obtained by heating the samples from 20 C-100 C at 218 nm with a temperature slope of 1 C/min and a response time of 3 s.
Molecular Dynamics Simulations
The simulation system consisted of a solvated POPC bilayer in which 2 PagP molecules were embedded. The binding pocket of PagP was empty for steered insertion simulations and contained a DP detergent substrate analog for steered extraction simulations. Construction and 20-50 ns equilibration of the simulation systems are described in the Supplemental Experimental Procedures.
For each molecule of PagP in each starting conformation, a separate steered insertion simulation of 100 ps was carried out in which the sn-1 chain of a single phospholipid in the upper bilayer leaflet was forced toward the PagP binding pocket with a force of constant magnitude. Phospholipids were targeted for insertion if at least one of the distal 13 carbons in the sn-1 chain was within 3 nm of the protein. Similarly, steered extraction simulations forced the DP molecule away from its initial position in the PagP binding pocket. Additional details are provided in the Supplemental Experimental Procedures.
The Berger parameters for POPC ) and the OPLSAA parameters (Kaminski et al., 2001) for PagP were properly combined for the GROMACS simulation package ) using the half-3 double-pairlist method (Figure S3 ). In brief, the 3 values of the 1-4 Lennard-Jones parameters of the lipids were multiplied by an additional factor of 0.5 in the pair-types section and the list of 1-4 interactions in the pairs section was duplicated. The regular OPLSAA combination rules were then applied. Additional details are provided in Supplemental Experimental Procedures and Figure S3 . The area per lipid time series at 323K for simulations employing the forcefield parameters of (red) standard ffgmx, (green) ffgmx converted to ε and δ, (blue) unmodified ε and δ using OPLSAA scaling rules, (purple) the half-ε double-pairlist method for combination with OPLSAA.
SUPPLEMENTAL EXPERIMENTAL PROCEDURES Molecular Dynamics Simulations
Simulation conditions. Simulations were conducted with version 3.3.1 of the GROMACS simulation package , modified to apply a biasing force of constant magnitude. The Berger parameters for POPC and the OPLSAA parameters (Kaminski et al., 2001) for PagP were combined using the half-ε double-pairlist method ). The water model was TIP4P (Jorgensen et al., 1983) . Periodic boundary conditions were enforced via a rectangular unit cell. Lennard-Jones interactions were evaluated using a groupbased twin-range cutoff (van Gunsteren and Berendsen, 1990 ) calculated every step for separation distances less than 0.9 nm and every ten steps for distances between 0.9 and 1.4 nm, when the nonbonded list was updated. Coulomb interactions were calculated using the smooth particle-mesh Ewald method (Darden et al., 1993; Essmann et al., 1995) with a real-space cutoff of 0.9 nm and a Fourier grid spacing of 0.12 nm. Simulation in the NpT ensemble was achieved by isotropic coupling to a Berendsen barostat (Berendsen et al., 1984) at 1 bar with a coupling constant of 4 ps and separate coupling of the solute and the solvent to Berendsen thermostats (Berendsen et al., 1984) at 310 K with coupling constants of 0.1 ps. Bonds involving hydrogen were constrained with SETTLE (Miyamoto and Kollman, 1992) and LINCS (Hess et al., 1997) for solvent and solute, respectively. The integration time step was 2 fs.
POPC bilayer construction. A POPC molecule was constructed based on the 1,2-dilauryl-sn-glycero-3-phosphoethanolamine (DLPE) crystal structure of Elder et al. (Elder et al., 1977) by replacing amide hydrogens with methyls and extending the acyl chains in the trans conformation. A POPC bilayer with 160 lipids per leaflet measuring 7.77 nm by 7.96 nm in the bilayer plane was then constructed based on the DLPE crystal symmetry (Elder et al., 1977) . The rectangular unit cell was set to 20 nm normal to the plane of the bilayer and solvated with 29,953 TIP4P water molecules. The crystal symmetry was broken using a protocol derived from Takaoka et al. (Takaoka et al., 2000) . However, we found that a preliminary low temperature simulation was required to prevent leaflet separation during the 510 K pulse, and that a large excess of water normal to the bilayer was required to accommodate undulations that were induced when, at 510 K, the area per lipid increased more quickly than could be accommodated in the bilayer plane by pressure coupling. Our protocol was 0-1 ns: 310 K, 1-1.1 ns: gradual heating to 510 K, 1.1-1.17 ns: gradual cooling to 360 K, 1.17-5.17 ns: 360 K, 5.17-40 ns: 323 K. At this point, the system dimensions were 10.4 nm by 9.8 nm in the bilayer plane and 12 nm along the bilayer normal. The undulations had reduced significantly by this point and we reduced the unit cell to 8 nm along the bilayer normal, excluding a large number of water molecules. This smaller system was simulated for an additional 50 ns at 310 K. A timedependent analysis of the order parameters of the acyl chains indicated that the bulk properties of the bilayer had converged after 25 ns (not shown). The coordinates of this bilayer at 25 ns were used for the study of PagP.
PagP all-atom modelling. The available coordinates for PagP, including crystal waters within 5 Å, were taken from the crystal structure presented in this article. We then constructed 1000 candidate models of L1 loop residues 38-45 as random coil using the program Loopy (Xiang et al., 2002) , keeping the two loop conformations of lowest colony energy. To both of these structures, we modelled the missing sidechains for residues 4, 35, 36, 38-45, 46, 47, 146, 147 , and 148 with SCWRL 3.0 (Canutescu et al., 2003) , during which we found it necessary to manually direct Y46 χ1 to -120˚ to avoid atomic overlap. A single molecule of dodecyl phosphate (DP) was placed in the PagP binding pocket as a dodecyl sulphate analog. Parameters for DP were constructed based on those of dodecyl phosphocholine (DPC) (Tieleman et al., 2000) by removing the choline group and adding a partial charge of 0.1 to each of the four oxygens.
Composite system creation. Two copies of PagP having different L1 loop conformations were overlaid on the POPC bilayer with the principle axis of each β-barrel oriented 15° to the bilayer normal, bringing the L3 loop toward the bilayer, in order to align the exposed hydrophobic/hydrophilic surfaces with the hydrophobicity profile of the bilayer as suggested by . To reduce any anisotropic effects that the mobile loop regions of the protein may inflict upon the relative surface tension of each leaflet, the proteins were inserted anti-parallel to one another. Any phospholipid within 0.2 Å was removed, additionally removing a minimal number of phospholipids while ensuring that each leaflet contained the same amount. A surface representation of each protein was then constructed using MSMS (Sanner et al., 1996) and PagP-shaped holes were made in the bilayer according to the protocol of FaraldoGomez et al. (Faraldo-Gomez et al., 2002) in the first, second and third segments, respectively. The composite system, composed of a solvated POPC bilayer, two protein molecules and associated DP and crystal waters, was neutralized with 8 Na + ions and simulated for 50 ns at 310 K, with the position of protein and DP heavy atoms restrained during the first 5 ns. The rate at which the backbone RMSD to the crystal structure increased was significantly attenuated by 15 ns (not shown), and hence the final 30 ns of this simulation was used to generate conformations with which to initiate non-equilibrium steered MD simulations. Starting configurations for steered insertion of the sn-1 chain of a POPC molecule into the PagP binding pocket and steered extraction of a DP molecule from the PagP binding pocket were taken at 2 ns and 200 ps intervals, respectively. Prior to the initiation of steered insertion simulations, both DP molecules and two Na The 100-ps length of the simulations is sufficient to observe productive insertions, yet short enough to allow a large number of repeats (1507 in this work) for the sake of statistical significance. In addition, the applied force should be large enough to promote a significant number of productive insertions yet small enough to ensure a significant number of unsuccessful attempts; furthermore, the latter should not perturb the protein structure significantly. With this in mind, we conducted preliminary simulations with three different force constants of 100, 500, and 1000 kJ·mol .
Half-ε double-pairlist combination rules for Berger lipids and OPLSAA proteins.
During MD simulation, non-bonded interactions between atoms that are separated by exactly three bonds (the so-called 1-4 interactions) are often scaled by some factor from their full strength. This scaling factor differs amongst forcefields and thus the simultaneous use of multiple forcefields requires special attention to ensure that the 1-4 interactions of all molecules are properly scaled. Indeed, combination of the Berger lipid parameters and the OPLSAA protein parameters within the molecular dynamics simulation package GROMACS is complicated by the inability to specify unique parameters for Coulombic 1-4 interactions. It is this deficiency that led Tieleman et al. (Tieleman et al., 2006) to reparametrize the dihedral angle energy functions of the Berger lipids such that the nonbonded component of the 1-4 interactions is accounted for by the new dihedral potentials. While the published reparametrization of dihedral parameters appears to be a valid solution, one would like to avoid reparametrizing every lipid and detergent for which parameters have already been generated using this lipid forcefield. To this end, we apply a simple method that can be used within GROMACS to combine the above-mentioned forcefields while properly scaling the 1-4 nonbonded interactions of each that is at once simpler and more inclusive. This method makes use of the fact that (i) it is possible to specify a unique value for the LJ component of the 1-4 interactions, and
